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Distal radius fractures are one of the most common types of fractures to occur in older adults. Bone 
strength (e.g., failure load) of the distal radius can be estimated using finite element (FE) models 
generated from high-resolution peripheral quantitative computed tomography (HR-pQCT) images; 
however, these models are limited because they determine failure load under pure compressive 
loading conditions and neglect off-axis loads that occur during a fall on an outstretched hand. The 
objective of this research was to identify moment arms in a HR-pQCT distal radius FE model that 
best predicted off-axis experimental failure load with highest explained variance and least error. 
We scanned the distal radius (9.5 mm site) of 21 fresh-frozen cadaveric forearms from 
female donors (82, SD 9 years) using HR-pQCT. We tested the specimens until fracture in a testing 
configuration set to simulate a fall on an outstretched hand to obtain experimental failure load.  We 
created FE models which simulated off-axis loading. Specifically, we applied a point load at 
different medial-dorsal and lateral-dorsal moment arm combinations to determine predicted off-
axis failure loads for different failure volumes and different failure criterion. We report the moment 
arm combination with the highest explained variance (R2) and lowest root mean squared error 
(RMSE%) in experimental failure loads.  
When incorporating off-axis loading, applying a 1 mm dorsal moment arm explained up to 
79% of variance in experimental failure load, improving explained variance from pure 
compressive loading by 4%. These findings suggest that accounting for off-axis loading in current 
HR-pQCT FE models appear to offer modest improvement to the prediction of distal radius failure 
load which may potentially help to improve identification of individuals at risk of wrist fracture, 
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Osteoporosis is a disease characterized by low bone mass and deterioration of bone micro-
architecture (1). Distal radius fractures are one of the most common types of osteoporotic fracture 
to occur in older adults (2,3). A distal radius (or wrist) fracture, typically due to a fall on an 
outstretched hand from standing height or less, occurs when the external forces applied to bone 
exceeds bone strength (i.e., failure load). 
 Since individuals who have experienced a distal radius fracture may be at risk for future 
osteoporotic fractures (e.g., hip, spine or wrist fractures) (4,5), it may be beneficial to assess distal 
radius strength in order to provide early indication of an individual’s risk of future osteoporotic 
fractures. This can be done using a variety of different imaging modalities, including high-
resolution peripheral quantitative computed tomography (HR-pQCT). HR-pQCT allows for three-
dimensional (3D) imaging of bone micro-architecture and bone density and, when combined with 
computational finite element (FE) analysis, is an attractive, non-invasive tool to quantify distal 
radius bone strength in vivo (6). An FE model of a segment of bone taken at the distal radius is 
created from the HR-pQCT images by directly converting bone tissue voxels to equally-sized 
hexahedral brick elements while ignoring bone marrow (i.e., models consists of two materials – 
bone and air). These models are generally linear and boundary conditions typically simulate 
uniaxial compression on the distal radius section, where failure is defined when a percentage of 
elements exceed a specified criterion (e.g., strain or stress limit). 
 Current HR-pQCT FE models that simulate uniaxial or pure compression explain 75% 
variance in experimental failure load. These models assume that failure occurs when 2% of all 
elements exceed an energy-equivalent strain limit of 7000 strain (7). It may be possible to improve 
explained variance by accounting for off-axis loads as well as considering other failure criterion 
and different percentages and volumes of failed tissue. Previous findings, based on a simulation 
done on a single participant, suggest that accounting for off-axis loading in radius models may be 
beneficial as off-axis failure loads were up to 47% lower than their respective axial failure loads 
(8).  
 Thus, the overall aim of this thesis was to account for off-axis loading in HR-pQCT FE 
models and identify moment arms in a HR-pQCT distal radius FE model that best predicted off-




Chapter 2 of this thesis discusses current literature, wrist anatomy and bone composition, medical 
imaging techniques, mechanical testing, and FE analyses. The research question and objective are 
defined in Chapter 3. Chapter 4 outlines the methodology used for sample preparation, mechanical 
testing, imaging and FE modeling. I discuss the results obtained from this study in Chapter 5. 




2 LITERATURE REVIEW 
2.1 Anatomy 
2.1.1 Wrist Structure 
The wrist consists of the distal radius and ulna, proximal carpal bones (i.e., scaphoid, lunate, 
triquetrum), the radiocarpal joint, and the distal radioulnar joint (Figure 2-1) (9). The radiocarpal 
joint allows for flexion and extension of the wrist. The distal radioulnar joint allows for pronation 
and supination of the forearm. The primary area of interest for this study is the radius, as distal 
radius fractures are common in older adults, primarily postmenopausal women (2,4). 
 
Figure 2-1. Diagram of distal forearm bones in the left hand, carpal bones, radiocarpal joint, and distal 
radioulnar joint. Modified from the American Society for Surgery of the Hand. 
The radius, which is one type of long bone in the appendicular skeleton, consists of 3 
regions: the diaphysis, metaphysis, and epiphysis. The majority of osteoporotic distal radius 
fractures occur within the metaphysis, where the radial diaphysis or shaft widens to create the 
rectangular end of the distal radius or the epiphyseal region (Figure 2-2A). This rectangular end 
has two articular surfaces to allow for movement or articulation between the radius and ulna (ulnar 
notch) as well as the radius and the scaphoid and lunate (scaphoid and lunate facets, respectively). 
Also, on the lateral side of the distal radius there is the styloid process, which works as an 
attachment point for muscles and ligaments. The palmar surface of the distal radius has a thick 
ridge, allowing for connection to the palmar radiocarpal ligament of the wrist joint. On the dorsal 
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surface there is the Lister’s tubercle, which provides an attachment point for the dorsal radiocarpal 
ligament and is traversed by tendons (Figure 2-2B). 
 
Figure 2-2. A) Distal ends of the radius and ulna in the right hand, illustrating radial and ulna styloid 
process, ulnar head, ulnar notch, and the scaphoid and lunate facets; B) Posterior view of the distal ends 
of the radius and ulna in the right hand. Modified from Marieb (2004) (10). 
2.1.2 Bony Composition 
At a macroscopic level, the radius consists of two types of bone tissue: cortical and trabecular bone 
(Figure 2-3). Cortical bone is a dense bone that has some level of porosity. The amount of porosity 
in cortical bone can affect the overall strength of the cortical shell (11,12). This is important because 
cortical bone is the main load-bearing structure in the distal radius and cortical bone properties 
(e.g., porosity, thickness, density) are contributors to overall strength of the whole bone (13). 
















A. Distal Ends 
B. Posterior View 
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between the bony lattice-like network of plates and rods (9). Trabecular bone is organized to 
optimize load transfer from the articular surface of the distal radius to the load-bearing cortical 
bone (14). Within the distal radius (i.e., the epiphyseal and metaphyseal region), the bone consists 
primarily of weaker trabecular bone and thin cortical shell, predisposing this area to fractures. 
 
Figure 2-3. Anatomy of the long bones in the right forearm. Left: Diagram of the radius indicating the 
distal and proximal locations. Right: High-resolution peripheral quantitative computed tomography (HR-
pQCT) scan of the distal radius with the cortical and trabecular bone identified. Modified from Martini et 
al. (2012) (9) and van Lenthe and Muller (2008) (15). 
2.2 Distal Radius Fractures 
Distal radius fractures occur when the load applied to the radius (e.g., load due to a fall on an 
outstretched hand) exceeds the bone’s failure load. The likelihood of a fracture occurring is 
determined by an individual’s risk of fracture. Globally, there have been 1.7 million distal radius 
fractures reported in older adults (i.e., adults older than 50 years), with distal radius fractures most 
commonly reported in adults ranging between 50-65 years and postmenopausal women (2,3). 
2.2.1 Osteoporotic Fractures 
Osteoporosis is a disease characterized by low bone mass and deterioration of bone micro-
architecture (1). This disease affects 200 million people worldwide and the incidence of 
osteoporotic related fractures (e.g., distal radius fractures) are projected to increase by 





the most common types of osteoporotic fractures in older adults, accounting for 1.7 million annual 
fractures worldwide (2,3). Distal radius fractures may be an early indicator of a weakened skeleton 
and future osteoporotic fractures (18); thus, it may be beneficial to identify individuals who are 
prone to forearm fractures to implement appropriate prevention strategies (e.g., drug therapy, 
targeted exercises). 
2.2.2 Loading of the Radius 
During a fall, the radius will experience a combination of compression, bending moments, and 
shear (Figure 2-4) (19,20).  The axial, compressive force is primarily due to the applied load 
experienced during the fall; however, the radius will also experience some contact force from the 
scaphoid. Bending in the radius is due to the combined effect of two bending moments. The first 
bending moment is due to the dorsally-directed force and the second bending moment is due to the 
palmar and collateral ligaments limiting hyper-dorsiflexion (i.e., hyper-extension) of the hand 
during a fall (MFy and Mligaments, respectively, in Figure 2-4C). The radius also experiences shear 
due to the dorsally directed load. 
In the case of a fall, 15% of fracture cases were due to an axial load applied to the radius 
(21). This small proportion is important as most studies only consider axial loading when predicting 
distal radius failure load (6,22-25). Troy and Grabiner’s findings suggest that accounting for off-axis 
loading may be beneficial as they found that off-axis strength outcomes (e.g., failure load, ultimate 
stress) were up to 47% lower than their respective axial outcomes (8); however, their findings were 
based on a single participant. To account for off-axis loading, Troy et al. recommend applying an 
axial load at an offset of 8 mm medial and 7 mm dorsal from the centroid (26). This 
recommendation, however, was based on a two-dimensional (2D) model generated from a cross-
sectional peripheral quantitative computed tomography (pQCT) scan of the distal radius with a 
small sample size (n=3). It is unknown if it is applicable to 3D models of the distal radius taken 





Figure 2-4. A) Falling load (F) experienced by an outstretched hand during a fall; B) Hand realigned to 
y-z axes, and the falling load is broken into it’s y-component (i.e., dorsal), Fy, and z-component (i.e., 
axial), Fz; C) Loading experienced by the radius during a fall on an outstretched hand. Axial loads applied 
to the radius are due to the falling load (Fz), contact between the radius and scaphoid (Fcontact), and tensile 
loads generated in the ligaments (Fligaments). Bending moments in the radius are due to Fy (MFy) and 
Fligaments when restricting hyper-dorsiflexion (i.e., hyper-extension) of the hand during a fall (Mligaments). 
Mligaments is generated by multiplying Fligaments by the moment arm, ycontact, which is the distance to the 
contact region between the scaphoid and radius and Fligaments. The radius also experiences shear due to the 







2.2.3 Estimation of Fracture Risk 
2.2.3.1 Dual-energy X-ray Absorptiometry (DXA) 
Dual-energy x-ray absorptiometry (DXA) is a commonly used bone densitometry method for 
diagnosing osteoporosis (28). DXA, through radiographic absorption techniques, obtains 2D 
projections of the amount of bone present in a projected area (i.e., bone mineral content or BMC). 
By dividing BMC by the projected area, areal bone mineral density (aBMD, mg/cm2) can be 
obtained. According to the World Health Organization (WHO), osteoporosis is clinically defined 
as an aBMD value (obtained from either the femoral neck or spine) that lies 2.5 standard deviations 
or more below the average value for a healthy 30-year-old woman (i.e., T-score ≤ -2.5).  
Since a 2D projection is used to represent a 3D structure, DXA aBMD measures are size-
dependent, as larger individuals will have more bone mineral within the projected area. Although 
BMC and aBMD measures have been validated at the distal radius (BMC: R2=0.53; aBMD: 
R2=0.60) (29,30), aBMD may not be the best indicator of failure load because DXA is unable to 
account for variations in bone microstructure (e.g., cortical thickness, cortical porosity, trabecular 
number) that are determinants of failure load (31).  
2.2.3.2 Peripheral Quantitative Computed Tomography (pQCT) and High-resolution pQCT 
Three-dimensional measures of bone density and bone microstructure can be obtained from 
peripheral quantitative computed tomography (pQCT) and high-resolution pQCT (HR-pQCT) 
imaging. These imaging modalities can measure distal and shaft (pQCT only) sites of the radius 
and tibia, with resolutions that are adequate for in-vivo characterization of cortical and trabecular 
micro-architecture (82-400 µm) (32,33).  pQCT based total BMC measures have been validated at 
the distal radius (R2=0.66-0.79) (30,34,35). 
Currently, HR-pQCT images are acquired using either the 1st or 2nd generation XtremeCT 
device (XtremeCT, Scanco Medical AG, Brüttsellen, Switzerland). The 1st generation uses the 
following scan settings for in vivo imaging: 82 µm voxel size, 60 kV voltage, 1 mA current, and 
200 ms integration time. According to the recommended manufacturer settings, a 9.02 mm area of 
the distal radius is obtained by acquiring 110 parallel slices, located 9.5 mm proximal to the mid-
region of the radial endplate (Figure 2-5) (36). The 2nd generation (i.e., XtremeCT II) can image 
bone using a voxel size of 61 µm with shorter scan times (2.0 vs. 2.8 min) and slightly higher 
radiation dose (<5 vs. <3 µSv) (Figure 2-6) (37). The LIMBS lab in the University of Saskatchewan 
College of Kinesiology is equipped with the 1st generation XtremeCT.  
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HR-pQCT, in conjunction with FE modeling, can also provide estimates of bone strength, 
specifically failure load, ultimate stress at failure, stiffness, and apparent modulus (38-48). FE models 
incorporate information pertaining to both structural and material bone properties, which are not 
considered when looking only at structural (e.g., area, area moment of inertia) or density measures. 
This can be beneficial as a recent prospective study found that HR-pQCT FE failure load was the 





Figure 2-5. (a) Location of the scanned standard (clinical) region of the distal radius. The reference line 
(i.e., mid-region of the radial endplate) is indicated by the dotted yellow line. The scanned region is 
represented by the green rectangle. (b) Cross-sectional view of a HR-pQCT scan of the left wrist (36). 
 
Figure 2-6. Image of the same tibial cross-sectional slice obtained from the 1st generation XtremeCT 
(XtremeCT I) at a voxel size of 82 µm (left) and the 2nd generation XtremeCT (XtremeCT II) at 61 µm 





XtremeCT I (82 µm) XtremeCT II (61 µm) 
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2.3 Measuring Bone Strength  
Mechanical testing is the gold standard of measuring bone strength. In this area of research, 
mechanical tests are typically used to develop predictive models by quantifying bone strength and 
correlating image-derived metrics to the quantified outcome. There are three types of mechanical 
tests of the distal radius: 
1. Testing of segments or pucks of bone obtained from the distal radius 
2. Testing of the excised radius 
3. Testing of the intact hand and forearm 
2.3.1 Testing of Distal Radius Segments 
When testing segments of the distal radius, the bone segment is exposed to a pure compressive 
load until failure (Figure 2-7). Predicted distal radius failure loads, acquired using linear FE 
models, have been validated against failure loads acquired via mechanical testing of cadaveric 
distal radius segments. High correlations (R2=0.94-99% (23,50,51)) obtained using this method were 
likely due to the exact match between the bone segment and the scanned region utilized in the FE 
analysis. This method, however, does not reproduce a distal radius fracture during a fall on an 
outstretched hand and is instead a representation of the strength of the local region where the image 
was obtained. 
 
Figure 2-7. Uniaxial compression performed on distal radius segment. Modified from MacNeil and Boyd 
(2008) (23).  
2.3.2 Testing of Excised Radii 
Some of the limitations associated with mechanical tests of distal radius segments can be negated 
by using tests of the excised radius. When using excised radii, linear HR-pQCT FE models can 
explain 92% variance in experimental failure load (24); however, this method is also limited when 
reproducing a distal radius fracture during a fall on an outstretched hand due to the absence of soft 
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tissues. By removing the soft tissues, it is difficult to apply a bending moment to the distal radius 
that is needed to reproduce a distal radius fracture (19). To overcome this, excised radius testing 
protocols include embedding both ends of the radius and aligning the bone at 15° in order to 
simulate bending that would occur during a fall (Figure 2-8). However, by constraining both ends 
of the radius, Wagner et al. found that the internal loads experience by the excised radius were 
primarily compressive in nature (19) 
 
Figure 2-8. (a) Excised radius mechanical testing configuration and (b) representative loading of testing 
protocol. Image from Muller et al. (2003) (30) and Wagner et al. (2012) (19). 
2.3.3 Testing of Intact Forearms 
The use of intact specimens in mechanical tests allows for a more representative scenario of a 
distal radius fracture due to a fall on an outstretched hand as it incorporates the effect of other 
tissues (e.g., ligaments), joints, and surrounding bones. It is difficult to quantify the exact force 
directions and magnitudes experienced by the radius when testing intact forearms (34); however, 
studies that have utilized intact forearms were successful in reproducing distal radius fractures 
with explained variance in experimental failure load ranging between 66% to 75% (22,25,52). Intact 
forearm testing protocols include positioning the forearm in 15° dorsal inclination from the vertical 
in order to replicate the impact posture during a fall on an outstretched hand and loading the 
forearm via a vertically applied force on the dorsiflexed palm (Figure 2-9) (19). This loading 
protocol allows the hand to continuously flex throughout the mechanical test, replicating the 





Figure 2-9. Representative loading of the intact forearm testing protocol. Image from Wagner et al. 
(2012) (19). 
2.3.4 Effects of Embalming 
Mechanical testing outcomes can be affected by the storage method used. Fixation or embalming 
of cadaveric specimens can alter the mechanical properties of bone (e.g., ultimate strength, 
modulus of elasticity, hardness), primarily due to the prolonged exposure to formalin (53-56). This 
variation in mechanical properties can be negated when using fresh-frozen cadaveric specimens; 
thus, it is preferential to use fresh-frozen cadaveric specimens in order to have a closer 
representation of in vivo conditions. 
2.3.5 Load-Displacement Curve 
Experimental mechanical tests are conducted by applying either a varying load or displacement 
against the specimen. From this, a load-displacement curve can be created from the change in load 
or displacement with time (Figure 2-10). The slope of the linear region of the curve corresponds 
to the stiffness of bone, the peak of the curve corresponds to the failure load, and the area under 





Figure 2-10. Load-displacement curve. The slope of the linear region corresponds to the stiffness of bone 
and the peak load corresponds to the failure load. The area under the curve is the energy until failure. 
 
2.4 Finite Element (FE) Modeling 
FE modeling is a numerical technique used to obtain solutions to differential equations that 
describe a complicated mechanical problem (e.g., complex structure, such as bone). This is 
achieved by dividing the object into a number of small finite elements of a simple geometry so the 
deformation and stresses can be easily calculated (57). Subject-specific FE models typically use CT 
images to define bone geometry and assign material properties and, with sufficient resolution, are 
able to incorporate variations in both bone architecture and mechanical properties (6,23,52,57). 
2.4.1 Discrete vs. Continuum FE 
Subject-specific FE models can be described as either discrete or continuum models. In discrete 
FE models, the bone microstructure is directly imaged and modeled. This model is the standard 
approach in HR-pQCT, where bone is assigned an elastic modulus of 6.829 or 10 GPa (23,52). If the 
























can be used. With this approach, elastic moduli are estimated based on local BMD using published 
density-modulus relationships derived from experimental data (e.g., E = 10(BMD)2). 
 To date, there are two discrete and one continuum HR-pQCT FE model reported in the 
literature. The discrete models include: 1) homogenous single-tissue model (i.e., STM), where the 
same material properties are assigned to cortical and trabecular bone (22,52); and 2) homogenous 
dual-tissues model (i.e., DTM), where different material properties are assigned to cortical and 
trabecular bone (58). The continuum-based model defines heterogenous material properties using 
the density-modulus equation shown below (Equation 2.1) (23). In general, for the distal radius, the 
discrete models both converge in ~3 hours and the continuum model converges in ~5 hours (59). 





              (2.1) 
2.4.2 Failure Criteria 
When conducting FE analyses, some considerations must be made, such as the modeling approach 
(i.e., linear vs. non-linear model) and the failure criterion utilized in the model. A failure criterion 
is a set of equations and conditions that must be met in order to define failure of the model. It is 
currently unknown which failure criterion should be utilized with HR-pQCT FE models which 
simulate off-axis loading. In this study, we will focus on the following strain-based failure criterion 
(Table 2-1) (60): 
1) Energy-Equivalent Effective Strain (52) 
2) Hoffman Strain (61) 
3) Maximum Principal Strain (62) 




Table 2-1. Summary of failure criterion investigated in study and their respective equations 
 
2.4.2.1 Linear vs. Non-Linear 
Linear FE models assume that the load-displacement curve has a linear relation; however, this 
model does not account for nonlinear effects caused by deformation of the bone micro-
architecture. Non-linear models can predict bone strength properties directly and can estimate post-
yield behavior of bone (23,63,64); however, these models can be time-consuming and computationally 
demanding, taking approximately 10 times longer to complete than linear models (23), limiting their 
feasibility for clinical use. Also, others have observed only small improvements in bone strength 
properties (e.g., ultimate failure stress) when using non-linear models under pure compression (23). 
An example of a non-linear bone material model is shown in Figure 2-11. 
Failure Criterion Equation(s) 
Energy-Equivalent 
Effective Strain (εeff) 
ε𝑦𝑐
𝜀𝑒𝑓𝑓
 ≤ 1 
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Figure 2-11. Bilinear constitutive model for trabecular bone, assuming the elastic constants of the tissue 
decreased isotropically when the principal strains exceed their tensile (εy
t) or compressive (εy
c) tissue yield 
strain. Image from Niebur et al. (2000) (63) 
2.4.2.2 Energy-Equivalent Effective Strain 
Effective strain failure criterion was first introduced by Pistoia et al. where an energy-equivalent 
strain (i.e., effective strain) was introduced based on non-linear FE studies (52). According to this 
criterion, the bone model had failed when 2% of all elements had values that exceed a tissue 
effective strain of 7000 µstrain. This effective strain value can be calculated using the following 





               (2.2) 
It is unknown how changing the percentage of failed tissue (e.g., varying from 2%) will 
affect predictions of off-axis HR-pQCT failure load. To our knowledge, only Mueller et al. (25) 
investigated the effect of different percentages of failed tissue on predicted failure loads; however, 
they simulated pure compressive loading conditions and used embalmed specimens, which can 
alter the mechanical properties of bone (65). 
2.4.2.3 Hoffman Strain 
The Hoffman Strain failure criterion was initially developed to determine failure of brittle 





2 + (𝜀1 − 𝜀3)
2 + (𝜀2 − 𝜀3)






) (𝜀1 + 𝜀2 + 𝜀3) ≥ 1       (2.3) 
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Where, ε yt and ε yc are the tensile and compressive yield strains, and ε1, ε 2, and ε3 are the principal 
strains. 
2.4.2.4 Maximum Principal Strain 
The Maximum Principal Strain theory assumes failure occurs when one of the three principal 
strains equals or exceeds the strength (62). Thus, failure occurs when, 
𝜀𝑦𝑡
𝜀1
≤ 1 or 
𝜀𝑦𝑐
𝜀3
≥ −1              (2.4) 
2.4.2.5 von Mises Strain 
The von Mises strain failure criterion is a commonly used failure criterion for ductile engineering 
materials. It assumes yielding (i.e., failure) occurs when the distortion strain energy reaches or 
exceeds the distortion strain energy for yielding in tension or compression (62). The von Mises 
strain criterion assumes failure occurs when: 
ε𝑦𝑐
𝜀𝑣𝑚
 ≤ 1               (2.5) 




[(𝜀1 − 𝜀2)2 + (𝜀1 − 𝜀3)2 + (𝜀2 − 𝜀3)2]          (2.6) 
2.4.2.6 Tensile-Compressive Strength Ratio 
The failure criteria we looked at depends on the strength of the bone material (e.g., tensile and 
compressive strength); however, in the literature there has been a variety of different tensile and 
compressive strengths reported for bone. For trabecular bone, Morgan et al. report an average 
compressive yield strain of approximately 7600 µstrain and an average tensile yield strain of 
approximately 6400 µstrain, resulting in a tensile-compressive strength ratio of 0.84 (66). Higher 
compressive strain limits have been utilized in previous FE bone models, as a compressive strain 
limit of 11000 µstrain for trabecular bone has also been used in a previous distal radius FE study 
(60). Ultimate tensile and compressive strain limits of 14100 and 23070, respectively, have also 
been reported for human trabecular bone, resulting in a strength ratio of 0.61 (67).  Previous studies 
have looked at the effect of different tensile-compressive strength ratios on the accuracy of their 
FE models (60,68). Edwards and Troy recommend using a ratio of 0.5; however, Keyak et al. report 






• Distal radius fracture is the most common type of osteoporotic fracture to occur in older 
adults, particularly postmenopausal women. This fracture typically occurs due to a fall on 
an outstretched hand, where the applied load exceeds the bone strength (i.e., failure load) 
• HR-pQCT allows for 3D imaging of bone microarchitecture. When combined with FE 
analyses, HR-pQCT can non-invasively determine mechanical properties of the distal 
radius (e.g., failure load) in vivo. This is typically done by directly imaging and modeling 
a distal radius bone segment and applying axial compression until failure (as defined by 
the specified failure criterion). Failure loads obtained from HR-pQCT has been shown to 
be the strongest predictor of incident fracture risk at the radius in older adults 
• Current HR-pQCT FE models simulate pure compressive (i.e., axial) loading conditions, 
neglecting off-axis loads (which create bending) that occur during a fall on an outstretched 
hand. Pure compressive HR-pQCT FE models explain 75% variance in experimental 
failure load, assuming failure occurs when 2% of all elements in the model exceed a critical 
strain threshold.  
• Previous findings, based on a single participant, suggest that accounting for off-axis 
loading in distal radius FE models may be beneficial as off-axis failure loads were up to 
47% lower than their respective axial failure loads. Thus, it could be possible to improve 
explained variance in HR-pQCT FE models by accounting for off-axis loads as well as 
considering other failure criterion and different percentages of failed tissue.  
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3 RESEARCH QUESTION AND OBJECTIVE 
3.1 Research Question 
This research hopes to address the following question: What moment arm combination best 
predicts off-axis experimental failure load with highest explained variance and least error in a HR-
pQCT distal radius FE model? 
3.2 Research Objective 
To address this research question, the objective of this study was to identify moment arms in a 
HR-pQCT distal radius FE model that best predicted off-axis experimental failure load with 





4.1 HR-pQCT Imaging and Mechanical Testing 
4.1.1 Specimens 
We obtained 21 fresh-frozen human cadaveric forearms (mean donor age: 82.1; age range: 64-101 
years) with all soft tissues intact. We selected specimens from donors without prior fractures or 
bone altering diseases and a BMI ranging between 18.5 and 25. We assumed that donors with a 
BMI < 18.5 were bedridden and would not be representative of a healthy population. Specimens 
were selected based on BMI (instead of wrist or radial BMD measures) since wrist BMD is not 
connected to osteoporosis diagnosis, as determined by DXA. Osteoporosis, defined by a T-score 
≤ -2.5, is based on BMD measures obtained at the hip (i.e., femoral neck) or spine, not the wrist. 
Specimens were stored at -20°C (53-56) until approximately 20 hours prior to testing. Once thawed, 
imaging and testing were completed within 48-hours in order to minimize the number of freeze-
thaw cycles. Although multiple freeze-thaw cycles do not affect mechanical properties of bone (53-
56), it can alter mechanical properties of soft tissues (69,70). 
4.1.2 Sample Preparation 
Following the method outlined by Edwards and Troy (71), I removed all soft tissues in a section 6 
to 12 cm proximal to the Lister’s tubercle. I laid the palm of the hand flat against the counter 
surface and positioned pronated forearm at a 45° angle from the horizontal (Figure 4-1a). Although 
this step was not previously outlined in Edwards and Troy’s method, I had positioned the forearm 
at this angle to ensure the specimen had correct radius and ulna orientations, as the radius rotates 
around the ulna during pronation. I used polymethylmethacrylate (PMMA) to secure the arm in 
this position. Once secured, continuing to follow the method outlined by Edwards and Troy (71), 
radial and ulnar osteotomies was performed 12 cm proximal to the Lister’s tubercle. I then 
embedded the most proximal 6 cm in a gypsum potting material (Denstone), secured with PMMA 
inside a polyvinyl chloride (PVC) pipe (Figure 4-2). Dentstone was used to ensure that the 
specimen remained perpendicular in two planes during the experimental test; however, since 
Dentstone is a brittle material, PMMA was also used to ensure the embedded forearm bones 
remained fixed during the experiment.  
Please note that Figures 4-1 and 4-2 show the methodology performed with an embalmed 





Figure 4-1. Methodology used to secure the arm into the falling position. a) The arm was positioned into 
the falling position by angling the forearm 45° above the horizontal; b) Secured the arm in the falling 
position using polymethylmethacrylate (PMMA); c) The secured arm. Note, images show an embalmed 
specimen being secured; however, I used fresh-frozen specimens that had soft tissue intact.  
 
Figure 4-2. Potting specimens with Denstone and securing pot with a layer of polymethylmethacrylate 
(PMMA). Note, images show a potted embalmed specimen; however, I used fresh-frozen specimens that 
had soft tissue intact. 
4.1.3 HR-pQCT Imaging and Analysis 
Specimens were imaged using HR-pQCT (1st generation XtremeCT: Scanco Medical AG, 
Brüttisellen, Switzerland). We acquired standard clinical scans with a 9.02 mm (110 stacked CT 
images) region of interest (ROI), 9.5 mm proximal to the radial endplate with an isotropic voxel 
size of 82 µm. Scans were acquired at a voxel size of 82 µm as this is the standard method used in 
HR-pQCT imaging and many clinical studies acquired scans with this voxel size (59,72-76). 







One technician analyzed images using the manufacturer’s standard evaluation (Scanco 64-
bit Image Processing Language, v6.6). This evaluation was used to define the periosteal surface of 
the radius using a semi-automatic edge-finding algorithm and we modified the periosteal contour 
line when it deviated from the outer bone surface in the model. To identify bone voxels in the scan, 
the manufacturer’s software automatically applied a fixed global threshold (400 mg HA/cm3) 
during image processing (59). From the HR-pQCT images and the Image Processing Language 
(IPL; version 1.15) software provided by Scanco, I obtained the centroid coordinates [mm]. 
4.1.4 Mechanical Testing 
The testing configuration was set to simulate a fall on an outstretched hand. Specimens were tested 
in an off-axis loading configuration (15° dorsal inclination, 3-6° lateral inclination (30)) in a material 
testing system (MTS Bionix) (Figure 4-3; Note, Figure 4-3 shows an embalmed specimen. 
Specimens used in this study had soft tissues intact). Prior to failure testing, a 40 N preconditioning 
cyclic load was applied at a rate of 0.5 Hz for five minutes to reduce residual stresses and allow 
for repeatable, post-rigor muscle response (77). Once preconditioned, the specimen was tested until 
failure by applying plate displacement at a rate of 3 mm/s (35). During the test, load response and 
strain data were obtained at 1000 Hz using a data acquisition system (DAQ; National Instruments 
PXIe-1078 chassis with a PXIe-4300 voltage measurement). 
 
Figure 4-3. Testing configuration for off-axis loading, set to simulate a fall on an outstretched hand (27). 




4.2 Off-axis HR-pQCT FE Model 
4.2.1 FE Model 
Using manufacturer provided software (IPL), we created and solved subject-specific, homogenous 
FE models by converting each voxel in the HR-pQCT volume of interest into 8-node brick 
elements of the same size. I used a discrete, STM FE model and assigned an elastic modulus of 
6.829 GPa and Poisson’s ratio of 0.3 to all bone voxels in the model (23).  An elastic modulus of 
6.829 GPa was used instead of 10 GPa as this is becoming the common approach when modeling 
HR-pQCT STM FE models (78,79). I included a stiff, 8-voxel thick, plate with an elastic’s modulus 
of 50 000 GPa and Poisson’s ratio of 0.3 on the proximal face of the distal radius segment (Figure 
4-4). The plate was included to apply off-axis loads and to prevent high localized stresses on 
individual trabeculae due to the applied nodal force. I determined plate properties by comparing 
failure loads obtained from an applied nodal force at the centroid and an offset to those obtained 
from standard compressive and bending loading conditions available in the IPL software (80). 
 
 
Figure 4-4. HR-pQCT off-axis model with the bone segment (grey) and stiff plate (pink) 
4.2.2 Defining Magnitude of Moment Arms using Superposition 
I determined moment arms in the x- and y-directions (?̅?, ?̅?) for each HR-pQCT image in the ROI 
using a superposition method. Using the model developed in 4.2.1, I applied the following loading 
conditions (Figure 4-5): 
1. Axial force applied at the centroid 
2. Axial force applied at a 1 mm medial offset 
3. Axial force applied at a 1 mm lateral offset 






Figure 4-5. The four loading conditions applied in the HR-pQCT FE software to determine off-axis 
moment arms. An arbitrary axial nodal force is applied at the centroid (1) as well as at a 1 mm offset in 
the medial (2), lateral (3), and dorsal (4) direction.  
 
Loading Conditions 2 to 4 have both a compressive component as well as a unit bending 
component due to the arbitrary load being applied at a 1 mm offset (Figure 4-6). Since the 
compressive component was known (as determined from Loading Condition 1), I determined the 
unit bending component in the medial, lateral, and dorsal directions by subtracting values obtained 
in Loading Condition 1 from Loading Conditions 2 to 4.  
1 mm 






Figure 4-6. For an applied load located at a known offset from the centroid (left), we can determine it’s 
compressive and bending components due to the applied load (right). 
Once the unit bending components for a 1 mm offset in the medial, lateral, and dorsal 
directions were calculated, I used superposition (i.e., added compressive and bending components) 
to determine the predicted failure load at different medial-dorsal and lateral-dorsal moment arm 
combinations (?̅?, ?̅?) by multiplying their respective unit bending component by the observed 
moment arm combination (Figure 4-7). I investigated different medial-dorsal and lateral-dorsal 




Figure 4-7. Superposition method of determining predicted off-axis failure load. At a given moment arm 
combination (?̅?, ?̅?), we can model the statically-equivalent off-axis loading by adding the compressive 
component (Pcomp), the bending component about the medial-lateral axis (i.e., x-axis) (?̅?·MP,x), and the 
bending component about the dorsal-palmar axis (i.e., y-axis) (?̅?·MP,y), where MP,x is the unit bending 
component for 1 mm offset in dorsal direction and MP,y is the unit bending component for a 1 mm offset 
in the medial or lateral direction.  
The predicted failure load at each moment arm combination were obtained by scaling the 
applied force by their respective safety factor (Equation 4.1). This safety factor corresponded to 
the point where a defined percentage of all elements failed or a defined fixed volume of elements 
failed, according to a given failure criterion. For example, if 2% of all elements failing resulted in 
a safety factor of 0.5 with an applied load of 9000 N, from Equation 7, the predicted failure load 
would be 4500 N. I considered failed percentages of 0.1% to 10%, in increments of 0.5%, and 
failed fixed volumes of 1 mm3 to 450 mm3, in increments of 50 mm3 (25,60). I looked at various 
failure criteria (Table 2-1; pg. 16), as previously mentioned. I assumed a tensile yield strain limit 
of 7000 µstrain, which is commonly used in HR-pQCT FE models, and assumed a tensile-
compressive strength ratio of 0.7 (52,68). 
𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝐿𝑜𝑎𝑑 = 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝐿𝑜𝑎𝑑 ∙  𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟           (4.1) 
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4.3 Statistical Analysis 
Linear regressions were used to determine a failure criterion that maximized coefficients of 
determination (R2) between predicted off-axis failure loads and experimental failure loads, where 
the predicted off-axis failure load was defined as the independent variable and the experimental 
failure load was defined as the dependent variable. For each failure criterion, I determined the R2 
(i.e., explained variance) at each moment arm combination. I then compared the different R2 values 
obtained to determine which failure criterion and moment arm combination had the highest 
explained variance. 
Prediction error was assessed using root mean squared error normalized in relation to 
maximum measured failure load (RMSE%), between predicted off-axis failure loads and 
experimental failure load. I selected the moment arm combination and failure criterion that had the 





5.1 Experimental Data 
Sixteen specimens had a distal radius fracture, four had a radius fracture that originated at the 
potting, and one had a scaphoid fracture. Since we were primarily investigating distal radius 
fractures in our study, we only considered specimens that had a distal radius fracture in our 
analysis. Our mean experimental off-axis failure load was 744 (SD 311) N. Load-displacement 
curves generated for each specimen can be seen in Appendix A. 
5.2 Comparison between Experimental and Predicted Failure Loads 
The moment arm (i.e., loading scenario) that best predicted experimental failure load with highest 
explained variance and lowest RMSE% was at a 1 mm dorsal offset. We show highest explained 
variance and lowest RMSE% for its respective percentage-based critical volume (Vcrit) for εeff, 
εhoff, εmax and εvm in Table 5-1. We obtained similar results with fixed volume-based critical 
volumes (not reported). In general, highest explained variance and low RMSE% were obtained 
using the von Mises strain failure criterion (Table 5-1; Figure 5-1). With this failure criterion, a 1 
mm dorsal offset loading scenario explained approximately 80% variance in experimental failure 
load with RMSE% values ranging between 24% to 79%.  
In terms of previous recommendations, pure compressive loading explained 70% to 77% 
variance in experimental failure load with RMSE% values ranging between 27% to 80%; the 
previously recommended loading scenario for off-axis loading (8 mm medial offset, 7 mm dorsal 
offset (26)) explained 24% to 30% variance in experimental failure load with RMSE% values 
between 25% and 30%.  
 Plots of explained variance and RMSE% values obtained for the other failure criterion 








Table 5-1. Prediction error (i.e., RMSE%) and explained variance (i.e., R2) between predicted and experimental failure load for axial and off-axis 
loading. For off-axis loading, results were presented for the current recommended moment arms (26) as well as for a 1 mm dorsal moment arm, which 






1 mm Dorsal 8 mm Medial, 7 mm Dorsal (26) 
Vcrit R
2 RMSE% Vcrit R
2 RMSE% Vcrit R
2 RMSE% 
εeff 3.5% 0.75 89% 1.0% 0.79 65% 0.5% 0.29 25% 
εhoff 4.5% 0.76 87% 0.5% 0.80 52% 2.0% 0.28 24% 
εmax 2.0% 0.74 136% 0.1% 0.79 78% 0.1% 0.27 26% 








Figure 5-1.  Changes in explained variance (R2; black) and root mean squared error percentage (RMSE%; 
red) for a percentage-based critical volume. Results were obtained for the von Mises failure criterion.
a) 1 mm Dorsal Offset 
b) Pure Compression 




The objective of this study was to identify moment arms in a HR-pQCT distal radius FE model 
that best predicted off-axis experimental failure load with highest explained variance and least 
error. Our findings indicate that it may be beneficial to apply a 1 mm dorsal offset in HR-pQCT 
off-axis FE models, as this loading scenario explained 79% variance in experimental failure load, 
a 4% improvement relative to the axial loading scenario; however, RMSE% appeared high for 
both scenarios (1 mm offset: 42%; axial loading: 51%).  
 In general, the von Mises strain failure criterion best predicted experimental failure load as 
it had the lowest RMSE% values, relative to the other failure criterion we investigated in this study. 
This finding differs from previous studies where they found that the Hoffman stress and von Mises 
stress criterion best predicted fracture strength of the distal radius and proximal femur, respectively 
(60,68). This discrepancy in failure criterion performance could be due to the differing FE models, 
as these previous studies modeled intact bones whereas we modeled a segment of the distal radius 
imaged using HR-pQCT. By only modeling the bone segment, we were limited in the simulated 
load transition through the radius (in contrast to Edward and Troy’s intact distal radius FE model 
(60)), possibly affecting the performance of the different failure criterion investigated. It should be 
noted that Keyak and Rossi did not account for prediction error in their study (68), which could be 
another potential reason why failure criterion performance differed between studies. 
In general, we observed large RMSE% values for the various loading scenarios as our 
model consistently overestimated predicted distal radius failure load, indicating that our off-axis 
HR-pQCT model was not accurate. This issue, however, is also apparent in the current HR-pQCT 
FE model that simulates pure compressive loading, as predicted failure load from the current model 
overestimated experimental failure loads by 29% (52). A possible reason for the observed large 
RMSE% values could be due to partial volume effects, as all our models utilized an 82 µm voxel 
size. It may be possible to improve our RMSE% values by implementing a different FE modeling 
approach, such as the method described by Hosseini et al. (50). In this method, the HR-pQCT 
volume of interest was coarsened from a voxel size of 82 µm to 1.0 mm. The resulting coarsened 
image was converted into a FE model, meshed using hexahedral elements with an edge length of 
1.0 mm, and assigned anisotropic material properties (50). It is possible that utilizing anisotropic, 
1.0 mm elements in contrast to the isotropic, 82 µm elements we utilized in this study will improve 
our model’s accuracy. It may also be possible to improve our RMSE% by adjusting the tolerances 
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implemented in the FE convergence criterion, since applying a smaller tolerance to the force and 
displacement convergence criterion it may improve model accuracy. 
 We observed lower explained variance at moment arms further away from the centroid, 
indicating that a fall configuration tested was primarily compressive in nature. Troy and Grabiner 
suggest that stabilization of the wrist may reduce the effects of off-axis loading on the radius, 
resulting in a more compressive loading scenario (8). Their simulation, however, did not account 
for this effect on loading of the radius as they did not model soft tissue in their model and could 
have overestimated the degree at which off-axis loads could reduce the failure load of the radius. 
This could potentially also be the reason why we only observed a 4% difference in explained 
variance between off-axis and axial loading. Although we also did not include soft tissue in our 
models, we did use fresh-frozen cadaveric forearms when obtaining experimental failure loads and 
would have inherently accounted for the effects of intact wrist ligaments on off-axis load reduction 
in our experimental setup. 
 In the current study, we focused solely on distal radius fractures as we excluded specimens 
that did not experience a distal radius fracture (e.g., scaphoid fracture); however, there is some 
opportunity to investigate other fracture types. Although scaphoid fractures are the most common 
carpal fracture to occur during a fall on an outstretched hand, accounting for 79% of all carpal 
fractures (81), they are difficult to assess in an experimental setting due to physical limitations in 
the methodology. In order to further investigate scaphoid fractures, we would need to 
experimentally assess the load response of the scaphoid via strain gauges; however, attaching 
strain gauges to the scaphoid would be physically challenging. There is, however, still an 
opportunity to develop testing methodologies and investigate other fractures types as most testing 
methodologies focus primarily on distal radius fractures (19,30). For example, prospective work 
could assess distal ulna fractures as well since they mostly occur with a distal radius fracture (82) 
and load sharing does occur between the radius and ulna when the forearm is loaded (83-88).  
This research has strengths that warrant discussion. First, we used intact forearms when 
simulating a fall on an outstretched hand in our mechanical tests, resulting in clinically comparable 
distal radius fractures (19). Unlike excised radius studies, this allowed us to simulate loading 
conditions that are more representative of in vivo conditions since we include other tissues and 
bones that contribute to loading. Second, our use of fresh-frozen cadaveric specimens avoided 
negative mechanical property variation induced by embalming (89). Third, we obtained specimens 
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exclusively from older female donors, allowing us to focus on a population that are prone to 
fractures (4). 
There are also some limitations with this research that need to be discussed. First, our 
results may be limited by our 16 specimens with similar sizes and should be confirmed with a 
larger and more varied sample size. It may be possible to obtain a larger failure load range with 
specimens of varied sizes, as we observed a small range in obtained failure load in this study. 
Second, we utilized a slow displacement rate (3 mm/s) in our mechanical tests, which differs from 
rates experienced during a fall (>1 m/s) (90); however, other groups have shown that this 
displacement rate can successfully create clinically comparable distal radius fractures (7,25,60). In 
relation to our FE model, by not incorporating the dynamic loading the radius experiences during 
a fall, we neglected the inertial force associated with dynamic loading in the current study. Third, 
our models had much longer convergence times than the standard HR-pQCT discrete FE models 
(~10-15 hrs vs. ~3 hrs), limiting their feasibility for clinical use. This longer convergence time 
could potentially be due to the millions of additional elements added for the stiff plate in our model. 
It may be possible to reduce this time by increasing the element size of the stiff plate, which is 
currently 82 µm. Fourth, our FE models assumed fixed, homogenous material properties for 
cortical and trabecular bone. It may be beneficial for future studies to consider utilizing density-
modulus relations in our models to account for differences in tissue mineralization; however, this 
will also further increase the convergence times of these models. Fifth, we only modeled a segment 
of the radius instead of the whole bone in our FE analysis. While it may be beneficial to model the 
whole bone, focusing on the radial segment captured by a clinical HR-pQCT scan allows for 
thousands of clinical HR-pQCT scans that have been previously obtained in the literature to be 
reanalyzed using the off-axis FE method outlined in this study. Sixth, there is bias in our findings 
as our models overestimated predicted distal radius failure load. It may be possible to account for 
this bias by considering other failure criteria and adjusting the failure criterion utilized. Seventh, 
we did not account for the ulna when assessing failure load, although some load sharing does occur 






The current HR-pQCT based FE model has been used in several studies to predict intact forearm 
failure load as a replacement for other image-based indices, such as BMD. Although this FE model 
has improved distal radius failure load predictions, it is still limited as it does not account for off-
axis loading that would occur during a fall on an outstretched hand. This research aims to address 
this limitation by accounting for off-axis loading through the identification of moment arms in a 
HR-pQCT distal radius FE model that best predicted off-axis experimental failure load with 
highest explained variance and least error. 
 We found that it may be beneficial to apply a 1 mm dorsal offset in HR-pQCT off-axis FE 
models, as this loading scenario explained 79% variance in experimental failure load for a 1.0% 
critical volume, specifically when using von Mises strain criterion. However, our model at this 
loading scenario was not accurate, as we observed an RMSE% of 42% due to the overestimation 
of predicted radius failure load. This overestimation is an inherent issue in current HR-pQCT FE 
models as the commonly used HR-pQCT FE model that simulates pure compressive loading also 
overestimated predicted failure loads (52). At the 1 mm dorsal offset, explained variance was 4% 
higher than the axial loading scenario and 51% higher than the current recommended off-axis 
loading scenario. 
7.2 Contributions 
There are some contributions from this study that can be discussed. First, the results from this 
study suggest that incorporating off-axis loading in HR-pQCT FE models modestly improved (4%) 
explained variance in experimental failure load. Second, we provide an off-axis loading scenario 
that is specific to HR-pQCT images and based on a larger sample size than previous off-axis 
studies (8,26). Previous models that incorporate off-axis loading were based off of other imaging 
modalities and based on a scan from a single participant (8).  
7.3 Clinical Significance 
By identifying the best moment arm combination to apply when assessing off-axis loading in HR-
pQCT FE models, we could potentially allow for more accurate predictions of distal radius failure 
load to be available for patients and clinicians. This is because an off-axis model will consider 
bending moments that are not accounted for in current HR-pQCT FE models, which simulate pure 
compression (52). Improved predictions of distal radius failure load in vivo, can be particularly 
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beneficial in populations where individuals are at higher risk for fracture (e.g., postmenopausal 
women). Improved distal failure load predictions, in conjunction with predicted impact load 
experienced by the radius during a fall (based on height, weight, and sex), can be used to determine 
a more accurate estimation of an individual’s fracture risk (i.e., safety factor). A more accurate 
HR-pQCT FE model can also evaluate future interventions (e.g., medication, diet, exercise) by 
assessing predicted distal radius failure load and fracture prevention. 
Although our approach to modeling off-axis in HR-pQCT FE models assumes the same 1 
mm dorsal offset is applicable to all patients or subjects, this may not be the case. It may be 
beneficial for prospective studies to investigate an approach of reporting moment arms that are 
subject-specific (i.e., the moment arm combination will correspond to the simulated off-axis 






7.4 Future Work 
• Future work can include specimens from donors of different ages, sizes, and frailty status, 
as donors for this work were exclusively older women. This would allow this work to be 
applied to a broader population. 
• It may be beneficial to consider 0.5 mm increments when investigating different moment 
arm combination in future work, as we had only considered 1 mm increments in the current 
study. 
• To improve predictions of distal radius failure, it may be beneficial to incorporate a cluster 
analysis in future work. This means that a volume of contiguous elements must fail in order 
to assume the entire model has failed (e.g., a cluster of elements where the volume 
corresponds to 2% of all elements). In contrast, the current study assumes that as long as 
the number of elements failed meets the failure criteria (e.g., 2% of all elements), 
irrespective of the element’s location, the model is considered to have failed. This approach 
has been used by others to predict fracture strength of the distal radius (8,60) and proximal 
femur (68,91). 
• Develop a method of identifying subject-specific moment arm combinations when 
predicting HR-pQCT based off-axis distal radius failure load. This approach may be more 
clinically relevant since the HR-pQCT FE model would simulate an off-axis loading 
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APPENDIX A: LOAD-DISPLACEMENT CURVES 
 
Figure A-1. Load-displacement curve for MT-14-05024R. 
 
 










































































































































































































































































































































































APPENDIX B: RESULTS OBTAINED FROM OTHER FAILURE CRITERIA 
 
 
Figure B-1. Energy-Equivalent Effective strain results. Changes in explained variance (R2; black) and 
root mean squared error percentage (RMSE%; red) for a percentage based critical volume. 
 
 
a) 1 mm Dorsal Offset 
b) Pure Compression 





Figure B-2. Hoffman strain results. Changes in explained variance (R2; black) and root mean squared 




a) 1 mm Dorsal Offset 
b) Pure Compression 





Figure B-3. Maximum principal strain results. Changes in explained variance (R2; black) and root mean 
squared error percentage (RMSE%; red) for a percentage based critical volume.  
a) 1 mm Dorsal Offset 
b) Pure Compression 
c) (8,7) mm Medial-Dorsal Offset 
